) through comprehensive analyses of various meson production reactions off the nucleon within the ANL-Osaka dynamical coupled-channels approach.
Introduction
The light-quark baryons, namely, the nonstrangeness N * and ∆ * baryons and the Λ * and Σ * hyperons with strangeness S = −1, provide rich information about QCD in the nonperturbative domain. A variety of hadron models, such as constituent quark models [1] and models based on DysonSchwinger equations [2] , have been proposed to calculate the mass spectrum and form factors of light-quark baryons and to clarify the role of the confinement and chiral symmetry breaking of QCD in understanding of the properties of light-quark baryons. Also, the real energy spectrum of QCD under the (anti)periodic boundary condition has been computed recently for the light-quark baryon sector within the lattice QCD framework (see, e.g., Refs. [3] [4] [5] ).
A critical nature of excited baryons is that they are unstable against the strong interaction and exist only as resonance states in hadron reactions. Poles of scattering amplitudes in the complexenergy plane are identified as resonance states, and the use of a multichannel reaction framework is necessary for properly extracting information on such resonance states from the reaction data. In fact, a number of analysis groups including us have performed comprehensive analyses of the πN and γN reaction data by making use of sophisticated multichannel approaches, such as the on-shell K-matrix approaches (e.g., Refs. [6, 7] ) and the dynamical-model approaches (e.g., Refs. [8] [9] [10] ), and they have successfully extracted the parameters (complex pole masses and residues, etc.) associated with N * and ∆ * resonances defined by poles of scattering amplitudes. Among those studies, the ones with dynamical-model approaches have further revealed the crucial role of (multichannel) reaction dynamics in understanding the mass spectrum, structure, and dynamical origin of baryon resonances (see, e.g., Refs. [11, 12] ). Similar studies based on a dynamical-model approach have also performed recently by us for the Λ * and Σ * sector [13, 14] .
In this contribution, we give an overview of our recent efforts on the spectroscopy of light-quark baryons, which is based on the so-called ANL-Osaka dynamical coupled-channels (DCC) approach. and ∆ * sector as an example):
Here, p a is the magnitude of the relative momentum for the channel a in the center-of-mass frame; W is the total scattering energy; the superscripts (J P I) represent the total angular momentum J, parity P, and isospin I of the partial wave; and the subscripts (a, b, c) represent the considered reaction channels (the indices associated with the total spin and orbital angular momentum of the channels are suppressed). For the N * and ∆ * sector, we have taken into account the eight channels, γ ( * ) N, πN, ηN, KΛ, KΣ, π∆, ρN, and σN, where the last three are the quasi two-body channels that subsequently decay into the three-body ππN channel. The diagrammatic representation of the Green's functions G c (q; W) and the transition potentials V Figs. 1 and 2 , respectively. Here, the Green's functions for the quasi two-body channels (the right two diagrams in Fig. 1 ) and the Z-potentials (the middle diagrams in Fig. 2 ) produce the three-body ππN cut in the intermediate processes, and the implementation of both contributions is necessary for maintaining the three-body unitarity. The s-channel processes mediated by the bare N * and ∆ * states are also included in our DCC model. Those bare states couple to the reaction channels through the reaction processes, and then become resonance states. Furthermore, the iterative processes of the exchange potentials can also produce resonance poles dynamically. Our model contains both possibilities in a consistent way.
By solving the coupled-channels integral equation (1), we can sum up all possible transition processes between the considered reaction channels, and this ensures the multichannel two-body as well as three-body unitarity for the resulting amplitudes. Furthermore, off-shell rescattering effects are also taken into account explicitly through the momentum integral in Eq. (1), which are usually neglected in the on-shell approaches. To extract resonance parameters from the scattering amplitudes given by Eq. (1), one needs to make an analytic continuation of the amplitudes to the (lower half of) complex energy plane. This can be accomplished by appropriately changing the path of momentum integral C in Eq. (1) . See Refs. [17, 18] for the details of the analytic continuation method employed for our analysis.
The DCC model for the Λ * and Σ * sector with strangeness S = −1 can be constructed in the same way as the N * and ∆ * sector by replacing the reaction channels withKN, πΣ, πΛ, ηΛ, πΣ * , and K * N, where the last two are the quasi two-body channels for the three-body ππΣ and πKN channels, respectively, and by modifying the Green's functions and transition potentials appropriately.
N
* and ∆ * Spectroscopy through Comprehensive Analysis of πN, γN, and eN Reactions Our latest published model [8] for the N * and ∆ * sector was constructed by performing a comprehensive analysis of unpolarized differential cross sections and polarization observables for the πN → πN, ηN, KΛ, KΣ and γp → πN, ηN, KΛ, KΣ reactions. The constructed model covers the energy range from the threshold up to W = 2.3 GeV for the πN scattering and up to W = 2.1 GeV for the other reactions.
A couple of results of our fits are presented in Figs. 3 and 4. We have been updating our reaction model since the last publication [8] , and in the figures the blue dashed curves represent the published results, while the red solid curves represent the current updated ones. Some improvements are actually seen in several kinematical regions, particularly at low energies of π − p → K 0 Σ 0 (Fig. 3 ) and at forward angles of pion and kaon photoproductions (Fig. 4) .
In Fig. 5 , the mass spectra for the N * and ∆ * resonances extracted by multichannel analysis groups are presented. Our spectrum [8] shown in red are compared with the ones extracted by the Jülich group in 2013 (blue) [9] and the Bonn-Gatchina group in 2012 (green) [6] , and also with the four-and three-star resonances assigned by PDG [19] . The results show that the existence and mass values of low-lying resonances have been well determined for most of the spin-parity states. Thus establishing the spectrum of high-mass resonances will be a next important task in the N * and ∆ * spectroscopy. Here it is noted that the Jülich group has updated their mass spectrum recently, and it [8] , (Blue) Jülich [9] , and (Green) Bonn-Gatchina [6] . The spectrum of four-and three-star resonances rated by PDG [19] is also presented with the red and blue filled squares, respectively, of which the length in the longitudinal direction represents the range of the real parts of the resonance pole masses assigned by PDG.
can be found in Ref. [20] .
The high-mass N * and ∆ * resonances are expected to couple strongly to the three-body ππN channel. This can be seen from the partial decay widths evaluated within an earlier version of our 8-channel DCC analysis (see Fig. 6 of Ref. [21] ), which actually shows that the high-mass resonances decay dominantly to the ππN channel. It is worth mentioning that the second P 33 resonance, 
The structure function data are from Refs. [26] [27] [28] .
∆(1600)3/2 + in the notation of PDG [19] , also has a large partial decay width to the ππN channel. The double-pion production data are therefore a key essential to establishing high-mass resonances as well as the Roper-like state of the ∆ baryon. However, so far essentially no differential cross section data that can be used for the detailed partial-wave analysis were available for the πN → ππN reactions at high energies, and this was a problem for the N * and ∆ * spectroscopy. But now the situation is being improved by HADES [22] and J-PARC [23] . In particular, with the J-PARC E45 experiment [21] , it is expected that the world data of the πN → ππN reactions is increased by a factor of 100 or more. Another important task in the N * and ∆ * spectroscopy is to determine electromagnetic transition form factors between the nucleon and the N * or ∆ * resonance. By studying the form factors, we could see how the transition between the effective degrees of freedom describing baryons occurs with changes in Q 2 . To determine the Q 2 dependence of the form factors, one needs to analyze meson electroproduction reactions. So far, we have made such analyses for the data for p(e, e ′ π)N up to Q 2 = 1.5 GeV 2 within our previous 6-channel DCC model [18, 24] , and, more recently, up to Q 2 = 3 GeV 2 within our latest 8-channel DCC model [25] .
In Fig. 6 , a couple of results of our recent analysis for the p(e, e ′ π)N data performed in Ref. [25] are presented. Here we have used the structure functions as the data to analyze [26] [27] [28] , rather than the original five-fold differential cross sections. The results capture an overall shape of the structure functions data, but it is still not sufficient for the purpose of N * form factor studies. Here it is noted that the analysis in Ref. [25] is dedicated for studying the neutrino reactions, and therefore our model parameters are not fine-tuned for the purpose of studying N * and ∆ * transition form factors. More elaborated analysis of single pion electroproductions is ongoing for the Q 2 region up to 6 GeV 2 , and the results will be presented elsewhere.
In Fig. 7 , the extracted M1 transition form factors between the nucleon and ∆(1232)3/2 + resonance are presented. Here it is noted that in our analyses the transition form factors are evaluated at the pole positions of the resonances, and thus they inevitably become complex because of the fact that resonances are decaying particles. This is in contrast to the form factors extracted by experiment groups, where the phenomenological Breit-Wigner parametrizations are used and the extracted values are real. We find that for the ∆(1232)3/2 + case, the imaginary parts of the form factors are small and the Breit-Wigner results seem close to the real parts of the form factors defined by poles. However, for the higher resonances, the imaginary parts can be comparable with the real parts, and in such cases the correspondence between the form factors defined by poles and by the Breit-Wigner parametrizations becomes unclear. The clarification of those differences requires further investigations.
Recently, we have also made an analysis of the data for the single pion photoproduction off the "neutron" target (Fig. 8) . Analysis of both proton-and "neutron"-target photoproductions is necessary for decomposing the electromagnetic currents into the isoscalar and isovector currents and determining the electromagnetic interactions of the N * resonances that have isospin 1/2. It is noted that such isospin currents are also necessary for studying neutrino-induced reactions (see e.g., Refs. [25, 30] ). Currently we use the "neutron"-target data extracted by other analysis groups from the deuterontarget reactions. However, in the future we need to analyze the deuteron-reaction data directly and extract the γn → N * helicity amplitudes in a fully consistent way in our approach.
Λ * and Σ * Spectroscopy through Comprehensive Analysis of K − p Reactions
The Y * (= Λ * , Σ * ) resonances are much less understood than the N * and ∆ * resonances. This can be seen, for example, from the fact that for the Y * resonances only the so-called Breit-Wigner masses and widths had been listed by PDG before 2012 [32] . This was a rather unsatisfactory situation [33] because the Breit-Wigner parameters are nothing more than "approximation" of the resonance parameters defined by poles of scattering amplitudes in the complex energy plane [34] , where the latter has a clear physical meaning: the resonance states defined by poles are associated with the exact (complex) energy eigenstates of the full Hamiltonian of the system under the purely outgoing boundary condition (see, e.g., Refs. [35, 36] ).
In this situation, we have recently made a comprehensive partial-wave analysis of the available K − p reaction data within our DCC approach [13, 14] . This was accomplished by developing a DCC model for strangeness S = −1 sector, which takes into account couplings between the two-body KN, πΣ, πΛ, ηΛ, and KΞ channels and the three-body ππΛ and πKN channels that have resonant components of πΣ * andK * N, respectively. The model parameters are then determined by fitting to all available data of K − p →KN, πΣ, πΛ, ηΛ, KΞ reactions from the threshold up to W = 2.1 GeV. Our analysis includes the data of both unpolarized and polarized observables, and this results in fitting more than 17,000 data points. From this analysis, we have successfully determined the partial-wave amplitudes not only for S wave but also P, D and F waves, and also extracted the Y * mass spectrum defined by poles of scattering amplitudes. The full details of the analysis and the extracted Y * resonance parameters can be found in Refs. [13, 14] , and in the following we will present a highlight of them.
In Fig. 9 , we compare the mass spectra of Λ * resonances extracted from our analysis [13, 14] and the analysis by the Kent State University (KSU) group [37] . In our analysis, we found two distinct solutions that have quite different values for our model parameters, yet both give similar quality of the fits to the K − p reaction data included in our analysis. We call them Model A and Model B, and their resulting mass spectra are presented in red and blue, respectively. In the same figure, the spectrum of four-and three-star resonances assigned by PDG is also presented. However, it is noted that the mass spectra of our two models and the KSU analysis are the ones given as poles of scattering amplitudes, while the PDG values are of the Breit-Wigner masses and widths. We see that the spectra extracted from our two models and the KSU analysis show an excellent agreement for several resonances, but in overall, they are still fluctuating between the three analyses. For example, a J P = 3/2 + Λ resonance with a mass Re(M R ) ∼ 1.86 GeV is found in Model A and the KSU analysis, while not in Model B (panel for J P = 3/2 + spectra of Fig. 9 ). If this resonance corresponds to the four-star Λ(1890)3/2 + of PDG, then this may be one example showing that a four-star resonance rated by PDG using the Breit-Wigner parameters is not confirmed by the analyses in which the resonance parameters are extracted at pole positions. As already discussed and emphasized in Refs. [13, 14] , this kind of analysis dependence would originate from the fact that the existing K − p reaction data are not sufficient to eliminate such dependence on the extracted mass spectrum.
We can see from the lower left-most panel of It is also interesting to see that Model B has another very narrow resonance with J P = 3/2 + and M R = 1671 +2 −8 − i(5 +11 −2 ) MeV (see the panel for J P = 3/2 + spectra in Fig. 9 ), which has almost the same Re(M R ) value as Λ(1670)1/2 − . However, currently this resonance is found only in Model B. Actually, in Model A the peak of the K − p → ηΛ total cross section near the threshold is completely dominated by Λ(1670)1/2 − [ Fig. 11(a) ], while in Model B, about 40% of the magnitude of the peak is turned out to come from this narrow P-wave J P = 3/2 + Λ resonance [ Fig. 11(b) ]. Since both models reproduce the total cross section well, it is hard to judge whether this new P-wave Λ resonance should exist or not, as far as looking at the total cross section only. However, we can get a deeper insight by looking at differential cross sections. The lower panels of Fig. 11 show the differential cross section of K − p → ηΛ at 1672 MeV, which corresponds to the peak energy of the total cross section near the threshold. We see that the differential cross section data show a clear concave-up angular dependence, which cannot be described by the S -wave amplitudes. In fact, we find that Model A, for which the total cross section is dominated by the S wave, does not reproduce the angular dependence well. On the other hand, in Model B, the new P-wave J P = 3/2 + Λ resonance is responsible for the reproduction of the data, suggesting that this angular dependence of the data seems to favor this new resonance.
Summary and Prospects
We have performed comprehensive partial-wave analysis for the data of various meson production reactions off the nucleon within the ANL-Osaka DCC approach. We then have successfully extracted the resonance parameters associated with the light-quark baryons (N * , ∆ * , Λ * , Σ * ), which are defined by poles of scattering amplitudes in the complex energy plane.
We may say that a recent progress on the light-quark baryon spectroscopy triggered by multi- channel analysis groups is quite remarkable. However, a visible analysis dependence still exists in the extracted resonance parameters. To eliminate such dependence, one would need not only to make further improvements of the analysis methods of each analysis group, but also to have more extensive and accurate data of meson production reactions including the polarization observables (see, e.g., Ref. [38] ). Regarding this, there were a lot of contributions on the experimental activities at the electron, photon, and hadron beam facilities to this NSTAR2015 workshop, and a variety of new or planned experiments were reported. With the help of these experiments, we would be able to make further progress towards understanding nonperturbative nature of the low energy QCD.
Finally, the framework of our DCC approach itself is quite general, and it has been applied not only to the light-quark baryon spectroscopy, but also to the neutrino-induced reactions [25, 39] associated with the neutrino-oscillation experiments in the multi-GeV region and the meson spectroscopy [40, 41] . We plan to put more efforts into these directions, too.
